Selected from International Polymer
Translated by P. Curtis The development of qualitatively new polymers with better processing characteristics than traditional industrial materials of a similar nature remains a central issue. At present, a change in priorities is taking place with respect to the use of synthetic polymers in applied areas, and special attention is being paid to polymers containing aromatic groups in their macromolecular chains, along with heterocyclic or heteroatomic fragments. These polymers include aromatic polyamides, polyimides, polybenzimidazoles (PBIAs), and a number of other groups of polymers [1] [2] [3] [4] [5] [6] . These polymers, possessing a broad collection of properties, are able to compete successfully with different types of industrial material, in spite of shortcomings limiting the possibilities of their industrial application. This range of polymers with high thermal, physicochemical, and mechanical properties can be used as coatings, casting compositions, binders for layered plastics, adhesives, and so on. This paper gives the results of investigating the thermomechanical and strength properties of polymer and film materials based on PBIAs in comparison with known industrial articles.
The initial monomers for the production of polymers, provided by the experimental plant of the Novosibirsk Institute of Organic Chemistry of the Siberian Section of the Russian Academy of Sciences, were additionally purified by recrystallisation. PBIAs with improved processing properties were synthesised by melt polycondensation [7, 8] . In addition to the synthesis procedure, insoluble residue was separated out by filtration on a Schott No. 2 funnel to remove residual solvent, the specimens were dried in air, and they were then dried in a vacuum oven at a temperature of 80 ± 5°C. The polymers are in the form of a yellowy brown powder, elemental analysis of which corresponds to the composition of copolymers, and the IR spectra are identical to model compounds and have the following formula:
By comparison with industrial polyamides (PAs), the polymers have a higher heat resistance, which broadens the areas of their application significantly, and they possess a high molecular weight, soften well, and can be stretched into good-quality films. PBIA films of 100-120 µm thickness were obtained from 10-12% polymer solutions by casting onto a glass substrate.
Thermal analysis was conducted using a Q-1500 MOM derivatograph in air at different heating rates. Thermomechanical analysis was conducted on a Zeitlin instrument under constant load with a constant heating rate. IR spectra were obtained using a Specord-75IR spectrometer equipped with a thermal attachment. Specimens were investigated in the form of pressed discs from a KBr matrix or films; in the case of solutions, specimens were photographed in LiF cuvettes. Mechanical tests were conducted on an Instron 1195 universal tensile testing machine with a clamp sliding speed of 16.7 × 10 2 m/s.
The reduced viscosity of solutions was determined in an Oswald-Pinkevich visometer, in all cases dissolving 0.05 g of polymer in 10 mL of solvent. To determine the solubility, 0.1 g of ground specimen was taken, 3-5 mL of the corresponding solvent was added, and it was left for 24 h. Specimens dissolving under these conditions were considered to be soluble. Polymers that did not dissolve were heated to solution boiling point in 15-20 min. A polymer not forming a precipitate after cooling was considered to be insoluble when heated.
Groups of low-flammability and flammable solids and materials were determined according to the GOST standard [9] . To measure the temperature of the gaseous combustion products, a thermoelectric transformer with an electrode diameter of 0.5 mm was used.
The strength, elongation at break, and elastic modulus (the physicomechanical properties of the film materials) were determined according to the GOST [10].
The water absorption of films was determined on steel St3 and duralumin D16 sheets treated with emery paper and degreased with acetone before the application of coatings. To increase the adhesion of the polymer coating to metal, and to increase the insulation properties, phosphating of the surface of the sheets with zinc phosphate solutions with the addition of oxidants (zinc nitrate or nitrite) was carried out. The solutions were filtered in order to remove mechanical impurities. Coatings were applied to sheets by brush in mutually perpendicular directions. The magnitude of the shear force was calculated as the ratio of the limiting load at separation to the area of contact of the film with the metal substrate [11] .
Loss of continuity of the coating was determined from the formation of Turnbull's blue during the reaction of potassium hexacyanoferrate with bivalent iron ions [12] .
PBIAs exhibit crystallinity, which indicates an adequate degree of regularity of their structure. The degree of crystallinity increases with increase in the length of the high-molecular-weight chain and retains a highly organised fibrillar crystalline structure when exposed to elevated temperatures [13] . The emergence of crystalline areas makes the polymer more plastic and technologically effective.
According to the results of thermomechanical analysis, the softening point of the investigated polymers lies in the range 180-280°C, higher than for industrial PAs.
Here, with increase in the proportion of high-molecularweight fragments, the start of degradative processes is shifted towards higher temperatures. PBIAs containing oxygen and a benzene ring in the macromolecular chain are more heat resistant. Low degrees of softening make it possible to process PBIAs by traditional instrumental methods, in particular injection moulding and pressing.
A comparison of the thermal characteristics according to isothermal analysis data showed a clearer difference between the investigated PBIAs and PA-6 which is widely used for practical purposes. PBIAs have a significantly greater thermal resistance during prolonged holding in the temperature range up to 150°C. The IR spectrum of PBIAs heated to these temperatures does not differ from that of the initial specimens; evidently, in this regard degradative processes do not affect the main macromolecular chain. Change in the spectrum is due to reduction in the mass of the polymer by more than 5% at temperatures of 380-460°C, which is related to the start of breakdown of the polymer. Heating of PA articles to 100°C is permitted; at 150°C they are oxidised and turn yellow, and when heated above 180°C, sudden breakdown of the polymer with monomer formation occurs [3] .
During burning, materials based on PBIAs do not release toxic combustion products, and they coke rapidly, which provides them with reduced flammability or total non-flammability, and here the flame resistance increases with increase in its heat resistance. To determine the ability of polymers and film materials to operate under extreme conditions, the method of experimental determination of the material flammability group was used [9] . The method is applied to assess the flammability of non-metallic materials containing organic substances. To give an idea of the competitiveness of the proposed polymers, investigations were conducted in comparison with films of the same low-flammability industrial polymer -phenylone. The results of tests of PBIA films of different structure showed roughly the same values. The maximum temperature of emergence of gaseous combustion products of the two polymers lay in the range 180-210°C, while the time within which the maximum temperature of burning is reached amounts to 3.25 min for PBIAs and to 4.16 min for phenylone. PBIA films, as flammable materials, depending on the time within which the maximum temperature of burning is reached, can be categorised as medium ignitability materials, for which this range amounts to 0.5 < τ < 4 min. Fire safety tests showed that all specimens based on PBIA films can be categorised as self-extinguishing, according to a value of maximum increase in temperature Dt min of less than 60°C and a mass loss Dm of less than 60%, which enables them to be placed in the low-flammability category ( Table 1) .
In tests of the new polymeric materials, considerable attention is paid to their mechanical strength characteristics [14] . To determine the given indices, initial films were tested by heating and holding at 150°C in vacuum for 4 h. The specimens were then cooled, and tests were conducted at room temperature, as in the case of PA-6. Films were checked for elongation at a certain deformation rate and for tensile strength according to the maximum stress withstood by the specimen without failure, and for elongation at break according to the capacity of the film to alter its original length when stretched to rupture. The elastic modulus was determined by the ratio of stress to corresponding elongation at break of free film. As can be seen from Table 2 , at room temperature the tensile strength of films for PBIAs containing aliphatic and aromatic fragments in the macromolecular chain is higher than for PA-6. The elongation at break is greater than for PA-6. The elastic modulus of PBIA films is higher than for PA; in the case of aliphatic PBIA it is more than twofold higher, and in the case of aromatic PBIA the indices differ almost by an order of magnitude. After heat treatment, the tensile stress causing failure and the elastic modulus of PBIA films increase, while the elongation at break decreases. PA-6 films do not withstand tests at a temperature of 150°C. In their characteristics, the investigated films are on a par with PA films, but it is important to point out that industrial specimens do not withstand temperatures of over 100°C.
A study of the adhesion capacity of PBIAs to different surfaces (wood, concrete, glass, metals) showed that the polymers possess good adhesion not only to cement wood articles but also to metal surfaces, which is particularly valuable. In assessment of the adhesion in a metal-polymer-metal system, of great importance is the thickness of the polymer layer, which in this case was kept the same. Stable values of the compared indices were obtained with a constant thickness of the layer, which was formed from a melt after the release of gaseous inclusions. Polymer solutions were applied to metal after thorough cleaning and additional treatment of the surface of the metal. The adhesion strength of PBIAs to different metals lies in the 15 MPa range at room temperature (Table 3) , which is comparable with the indices of industrial PAs. With increase in temperature, the indices of stress causing failure fall a little (by up to 15%), but during exposure and on return to the previous temperature, the adhesion of the films to the surface even increases. In addition, the adhesion of films on exposure to subzero temperatures was investigated. After exposure to subzero temperatures for 1 month, industrial PA grades cracked. For PBIA specimens, after holding of bonded sheets at temperature, the value of the stress causing failure decreases little; on exposure to subzero temperatures it increases, which evidently is due to additional structure formation of the polymer [8] . This enables PBIAs to be used as different types of insulation, adhesives, binders for structural layered plastics, and thermally stable and non-flammable materials under conditions of a cold climate and temperature gradients.
Water absorption was determined for films applied to an aluminium and a steel substrate ( Table 4) . The results of investigation showed that the water absorption of PBIA films within holding times of 1 and 24 h, irrespective of the structure of the polymer, is almost 7 and 2 times lower than for PA films. The water absorption of a film on a substrate hardly depends on the substrate material and differs little from the water absorption of the pure film.
The chemical resistance of PBIA films to different corrosive media was determined from the change in mass ( Table 5) . Experiments showed that the weight of the films does not change when they are exposed to fairly concentrated bases and organic solvents; the polymers do not interact with them. A change occurs when they are treated with acids with a concentration of over 10%, and here the mass of the films increases within a period of 24 h, remaining at roughly this level on further exposure to reagents. Heating of PBIAs in a 40% solution of caustic soda at boiling temperatures leads only to a small decrease in the reduced viscosity without any significant change in mass, which indicates that hydrolysis of the polymers does not occur. The tensile stress causing failure of films also changes little (by 4-7%). A 10% solution of caustic soda has no effect at all on PBIA films. The strength of films hardly changes, with the exception of those cases where the film is exposed to substances that are solvents for the initial polymer (concentrated sulphuric acid, formic acid). Prolonged exposure to weak acids and alkalis does not alter the viscous characteristics of PBIAs at room temperature and at a temperature of 100°C for a period of 10 h. The considerably greater effect of strong acids, a 35% solution of hydrochloric acid, with heating to 100°C for 10 h, leads to a decrease in the reduced viscosity by 30% in the case of aliphatic PBIAs, and by 25% in the case of aromatic PBIAs. Nonetheless, PBIA-based films are considerably less prone to hydrolysis than PA-6 [15] .
The corrosion resistance of coatings depends on the porosity of the films and is not an inherent property of the film-forming material; it is formed during the production of the polymer coatings and is estimated in ratings. Continuity or the presence of pores of up to 0.5 µm size characterises not a structural parameter of the polymer film but its defectiveness resulting from the method of application and drying of the coating [12] . Given that the continuity of the film affects the protective action of the coating, it is essential to determine this parameter. As a result of the conducted investigations, coating continuity was estimated at 2 ratings, which indicates the absence of pores and the good protective properties of the coatings.
Thus, the conducted investigations showed that polybenzimidazoles possess increased heat resistance and softening, which enables them to be processed by traditional instrumental methods. In their physicomechanical properties, the polymers are on a par with industrial polyamides. PBIAs can be categorised as low-flammability, self-extinguishing materials of medium ignitability, corresponding to known polymer materials, and their breakdown products are not toxic. It was established that the polymer films possess good mechanical strength properties combined with chemical resistance in various corrosive media, and are resistant to hydrolysis. The water resistance and adhesion of the polymers make it possible to produce polymer coatings on metal structures that are capable of withstanding extreme temperatures during long-term service. 
